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ABSTRACT

In the PILPS Phase 2a experiment, 23 land-surface schemes were compared in an off-line control experiment
using observed meteorological data from Cabauw, the Netherlands. Two simple sensitivity experiments were
also undertaken in which the observed surface air temperature was artificially increased or decreased by 2 K
while all other factors remained as observed. On the annual timescale, all schemes show similar responses to
these perturbations in latent, sensible heat flux, and other key variables. For the 2-K increase in temperature,
surface temperatures and latent heat fluxes all increase while net radiation, sensible heat fluxes, and soil moistures
all decrease. The results are reversed for a 2-K temperature decrease. The changes in sensible heat fluxes and,
especially, the changes in the latent heat fluxes are not linearly related to the change of temperature. Theoretically,
the nonlinear relationship between air temperature and the latent heat flux is evident and due to the convex
relationship between air temperature and saturation vapor pressure. A simple test shows that, the effect of the
change of air temperature on the atmospheric stratification aside, this nonlinear relationship is shown in the
form that the increase of the latent heat flux for a 2-K temperature increase is larger than its decrease for a 2-
K temperature decrease. However, the results from the Cabauw sensitivity experiments show that the increase
of the latent heat flux in the 12-K experiment is smaller than the decrease of the latent heat flux in the 22-K
experiment (we refer to this as the asymmetry). The analysis in this paper shows that this inconsistency between
the theoretical relationship and the Cabauw sensitivity experiments results (or the asymmetry) is due to (i) the
involvement of the bg formulation, which is a function of a series stress factors that limited the evaporation and
whose values change in the 62-K experiments, leading to strong modifications of the latent heat flux; (ii) the
change of the drag coefficient induced by the changes in stratification due to the imposed air temperature changes
(62 K) in parameterizations of latent heat flux common in current land-surface schemes. Among all stress
factors involved in the bg formulation, the soil moisture stress in the 12-K experiment induced by the increased
evaporation is the main factor that contributes to the asymmetry.
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1. Introduction

In order to improve the understanding of the param-
eterization of land surface processes, the Project for
Intercomparison of Land-Surface Parameterization
Schemes (PILPS) was initiated in 1992 as a World Cli-
mate Research Programme project. The overall goals of
PILPS are to improve the performance of land-surface
schemes, as they are used in climate and weather pre-
diction models. The progress to date and planned future
activities of PILPS are described in detail by Henderson-
Sellers et al. (1995).

In Phase 2 of PILPS, land-surface schemes are being
compared in off-line experiments that employ observed
data. The Cabauw experiment (Phase 2a) used obser-
vation from Cabauw, the Netherlands (518589N, 48569E)
(Beljaars and Viterbo 1994; Beljaars and Bosveld 1997),
as the atmospheric forcing to drive 23 land-surface
schemes (Table 1). Point-based observations of surface
energy fluxes, net radiation, and upward longwave ra-
diation data were used for validation of the simulations
(Chen et al. 1997). In addition to these intercompari-
sons, two sensitivity experiments were undertaken using
modified versions of the Cabauw forcing in which the
surface air temperature was increased or decreased by
2 K at every model time step. Hereafter, the experiment
with 12-K forcing is referred to as ‘‘Plus2’’ and that
with 22-K forcing as ‘‘Minus2.’’

The results from the off-line simulations in previous
phases of PILPS (Pitman et al. 1993; Shao and Hen-
derson-Sellers 1996) show that there were large dis-
crepancies among the existing land-surface schemes in
terms of the partitioning of surface net radiation into
sensible heat and latent heat flux and partitioning of
precipitation into evapotranspiration and soil water
components (soil water storage, runoff, and drainage).
Any attempt to understand the reasons for these dis-
crepancies requires a systematic examination and inter-
comparison of individual parameterizations and pro-
cesses within the models. To address the similar diver-
sity in GCM simulations (i.e., when GCM simulations
showed quite differing climatic responses to prescribed
forcing such as increasing CO2 (Schlesinger and Mitch-
ell 1987), Wetherald and Manabe (1988) and Hansen et
al. (1981) used a procedure in which basic variables,
such as temperature, water vapor, surface albedo, and
cloud cover, were individually varied to assess individ-
ual feedback processes. Cess and Potter (1988) pre-
sented a computationally more efficient means for both
understanding and intercomparing climate feedback
mechanisms in GCM simulations by using surface tem-
perature perturbations as a surrogate climatic change for
the purpose of studying atmospheric feedback process-
es.

Such techniques are also very useful for understand-
ing and intercomparing the land-surface parameteriza-
tion schemes. The sensitivity experiments discussed in
this paper are analogous to the Cess et al. (1990) ex-

periments, which evaluated cloud forcing sensitivities
in GCMs by artificially increasing and then decreasing
prescribed sea surface temperatures by 2 K. The purpose
of these sensitivity experiments was to obtain a first-
order estimate of the sensitivity of PILPS schemes to
changed air temperatures and to determine whether dif-
ferent schemes respond to such changes differently and
the extent to which any differences could be traced to
different parameterizations. Although different experi-
ments in which other forcing variables are also altered
can be constructed, this paper describes only these first-
order tests.

In this paper, the sensitivity of latent heat fluxes in
current land-surface schemes to the change of air tem-
perature will be described and analyzed. The behavior
of the latent and sensible heat flux is discussed in section
2a, including the theoretical aspects of the relationship
between latent heat flux and air temperature. The effect
of the ‘‘classic b’’ formulation on the parameterization
of latent heat is discussed in section 3a, together with
the influence of stress factors in the sensitivity experi-
ments in section 3b. Finally, some conclusions are
drawn in section 4.

2. Sensitivity of latent heat fluxes in the Plus2 and
the Minus2 experiments

a. Behavior of the latent and sensible heat flux

Since the incoming radiation was not altered in the
sensitivity experiments discussed here, the increase in
air temperature must lead to changes in the latent or
sensible heat. This is achieved by an adjustment of sur-
face temperature. Figure 1 shows the differences in the
annual mean effective temperatures, Ts (the combined
mean surface radiative temperature of the canopy and
the ground) between Plus2 and Control (i.e., 212T s

), and that between Minus2 and Control (i.e., 2C 22T Ts s

) for all 23 PILPS schemes. It can be seen that annualCT s

mean effective surface temperature increases or decreas-
es by about 1 K when air temperature increases or de-
creases by 2 K. BUCKET shows the largest annual mean
increase (1.68 K) and the U.K. Meteorological Office
(UKMO) the smallest (0.73 K) in Plus2 while SPON-
SOR showing the largest annual mean decrease (1.55
K) and the Goddard Institute of Space Sciences (GISS),
ISBA the smallest (0.83 K) in Minus2. It should be
noted that the change of the surface temperature with
the increase or decrease of air temperature is the key
mechanism that causes the change in the other quantities
analyzed here (Qu et al. 1996).

Generally, most of the schemes exhibit similar, but
opposite, behavior in Plus2 and Minus2. Figure 2 shows
the difference of latent heat flux L and sensible heat
flux H (W m22) between Plus2 (Minus2) and Control
for all 23 land-surface schemes. Compared to the control
experiment, latent heat flux increases by about 6 W m22

in Plus2, with BUCKET showing the lowest increase
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FIG. 1. Difference of annual mean surface temperature between Plus2 and control, as well as
that between Minus2 and control for 23 land-surface schemes.

(2.1 W m22) and CAPS the highest (9.6 W m22), and
decreases by about 11 W m22 in Minus2, with UGAMP2
showing the lowest decrease (5.6 W m22) and VIC-3L
the highest (17.0 W m22) (Fig. 2a). SPONSOR is the
only scheme that produces a small decrease of latent
heat flux in Plus2. A possible reason for this behavior
will be discussed in section 3b(3). Sensible heat flux
decreases by about 12 W m22 in Plus2, with CAPS
showing the largest decrease (16.2 W m22) and SPON-
SOR the lowest (4.7 W m22), and increases about 16
W m22 in Minus2, with VIC-3L showing the highest
increase (23.7 W m22) and SWAP the lowest (9.9 W
m22) (Fig. 2b). It should be noted here that for Plus2
the annual means of sensible and latent heat fluxes have
ranges across the schemes of 31 and 23 W m22, re-
spectively, and for Minus2 of 24 and 28 W m22, re-
spectively. These ranges are of a similar magnitude as

those for the control experiment, which is significantly
larger than the uncertainties of the measurements (Chen
et al. 1997). After Beljaars and Bosveld (1997), the
observational errors of the Cabauw dataset are within
65 W m22 for sensible heat flux and 610 W m22 for
surface net radiation and latent heat flux.

The changes in the latent heat fluxes follow from the
dependence of the latent heat flux on the specific hu-
midity gradient. In many PILPS schemes, the latent heat
flux is parameterized as

L 5 bg 3 Ls, (1)

where Ls is the potential evaporation (scaling evapo-
ration) and bg is a function of a series of stress factors
that limit the evaporation. For most of the schemes in
PILPS, Ls and sensible heat fluxes (H) are parameterized
as follows:
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FIG. 2. Difference of annual mean (a) latent heat flux L and (b) sensible heat flux H (W m22) between Plus2 (Minus2) and control for 23
land-surface schemes.

Ls 5 lrUCE[q*(Ts) 2 qa] (2)

and

H 5 rUCHcp(Ts 2 Ta), (3)

where l is the latent heat of vaporization, q* is satu-
ration specific humidity, qa is the specific humidity of
air at reference height, Ts is the surface temperature
(ground and/or canopy temperature), Ta is the air tem-
perature at reference height, r is air density, U is the
wind speed at reference height, and CE and CH are drag
coefficients for latent and sensible heat fluxes, respec-
tively. Ignoring the effects of bg and the drag coefficient,
the increases of Ts in Plus2, for example, leads to an
increase of latent heat flux [because qa and U in Eq. (2)
are unchanged in the sensitivity experiments and the
change in r is negligibly small]. For sensible heat flux
[Eq. (3)], both Ts and Ta are increased for Plus2. How-
ever, since the increase of Ts induced by the increase of
Ta is always smaller than the increase of Ta itself, the
net effect is that sensible heat flux decreases in Plus2.

On the other hand, if air temperature is decreased by 2
K, Ts will decrease. Thus latent heat flux decreases and
sensible heat flux increases.

Figure 3 shows the differences of L and H between
Plus2 and Minus2. It can be seen that |H12 2 H22| is
larger than |L12 2 L22| for all schemes; that is, sensible
heat flux is more sensitive to the prescribed change of
air temperature than latent heat flux. This is because of
the linear relationship between H and Ts, which changes
with the change of air temperature [Eq. (3)]. It can also
be seen that if L of a certain scheme is sensitive to the
change of air temperature, H is also sensitive.

The interesting result with regard to the behavior of
latent heat flux is that the increases or decreases of latent
heat flux in Plus2 and Minus2 are not linear with respect
to the prescribed equal and opposite changes in air tem-
perature (12 K and 22 K). Figure 4 illustrates this
nonlinearity. For clarity, 6 out of 23 schemes are shown,
representative of median (UKMO, CLASS, SSIB, CSIRO9,
ECHAM) and extreme (BUCKET) performance in the
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FIG. 3. Difference between annual mean latent heat flux and sensible heat flux (W m22) in Plus2 and those in Minus2 for 23 land-surface
schemes.

control experiment (cf. Chen et al. 1997). For latent
heat flux, the nonlinear relation to the change of air
temperature is evident.

The crucial point here is that for most schemes the
nonlinear relationship between latent heat flux and air
temperature is shown by the increase of latent heat flux
in Plus2 being much smaller than the decrease of latent
heat flux in Minus2 (Fig. 2a). If we define

12 C|L 2 L |
r 5 , (4)L 22 C|L 2 L |

this result can also be described as

rL , 1. (5)

In the following sections, the theoretical aspects of the
relationship between Ls and air temperature will be il-
lustrated through an investigation of the formulation of
Ls [Eq. (2)], and then we try to explain the behavior of
latent heat flux in the Plus2 and Minus2 Cabauw ex-
periments.

b. Theoretical aspects of the relationship between Ls

and air temperature

Equation (2) shows clearly that there is a nonlinear
relation between surface temperature and Ls induced by
the nonlinearity between surface temperature and sat-
uration specific humidity. A numerical evaluation of Eq.
(2) will be used here to illustrate the response of Ls to
the change of air temperature. Fixing all variables in
Eq. (2) except Ts and l (l changes with Ts) and assuming
r 5 1.292 (kg m23), U 5 5.0 (m s21), CE 5 0.00597
(appendix of Chen et al. 1997), qa 5 0.005 (kg kg21),
we allow Ts to increase or decrease 1 K because Fig. 1
shows that annual mean effective surface temperature
increases or decreases by about 1 K when air temper-
ature increases or decreases by 2 K. These changes in
Ts are imposed upon a base surface temperature that
varies from 2108 to 308C to match the annual range of
air temperature in Cabauw (Beljaars and Bosveld 1997).
In this numerical test, we use the symbol to represent11Ls
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FIG. 4. Annual sensible heat flux vs latent heat flux for Cabauw control experiment, Plus2, and
Minus2 for six chosen schemes that are representative of medium (UKMO, CLASS, SSIB,
CSIRO9, ECHAM) and extreme (BUCKET) performance in the control experiment.

FIG. 5. | 2 | and | 2 | (W m22) at different base surface temperatures. Here and11 C 21 C 11L L L L Ls s s s s

represent the potential evaporation for increasing and decreasing of surface temperature by 121Ls

K from a base surface temperature, respectively. Also, is Ls at the base surface temperature.CLs

Ls for Ts increased by 1 K, to represent Ls for Ts
21Ls

decreased by 1 K, and for control.CLs

Figure 5 shows the difference (absolute values) be-
tween and and the difference between and11 C 21L L Ls s s

under different base surface temperature. If the twoCLs

lines in Fig. 5 coincided, Ls would have a linear de-
pendence on surface temperature. However, Fig. 5
shows that only when the base surface temperature is
below about 258C are the differences between | 211Ls

| and | 2 | so small that the dependence of Ls
C 21 CL L Ls s s
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on Ts is quasi linear. This is not the case for the most
of the year in Cabauw: all monthly mean air tempera-
tures in Cabauw are higher than 08C (Beljaars and Bos-
veld 1997; Chen et al. 1997).

The interesting point here is that the nonlinear change
of Ls with regard to the linear change of temperature is
shown in a way that the amount of increase of Ls for
11 K Ts is larger than the amount of decrease of Ls for
21 K Ts, that is, | 2 | . | 2 |. However, in11 C 21 CL L L Ls s s s

the Cabauw sensitivity experiments |L12 2 LC| is much
smaller than |L22 2 LC| (i.e., rL , 1). This implies that
the nonlinear behavior of L in the Cabauw sensitivity
experiments cannot be attributed to the nonlinear rela-
tionship between Ts and q* in the formulation of Ls [Eq.
(2)] used by the PILPS schemes. As mentioned in sec-
tion 2a, however, in the Cabauw sensitivity experiments,
a so-called bg formulation is generally involved in the
parameterization of L (Shao et al. 1994; Mahfouf and
Noilhan 1991; Kondo et al. 1990). The effect of bg on
the relationship between L and Ts has not been consid-
ered in the numerical test above. Also not considered
in the numerical test above is the effects of the changes
in drag coefficient induced by the change of the strat-
ification due to the imposed change of air temperature
by 62 K. These will be reviewed in the next sections.

3. The formulation of latent heat fluxes in current
land-surface parameterizations

a. The b adjustment

As mentioned in section 2a, latent heat flux is com-
monly parameterized by using Eq. (1) in PILPS
schemes. Most of the schemes determine Ls by using
the aerodynamic method [Eq. (2)], while a few schemes
(Table 1) use the Penman–Monteith formulation. We
first consider the effect of bg on the latent heat flux in
these sensitivity experiments and, for clarity, assume
drag coefficient CE does not change in the sensitivity
experiments.

For the schemes using the aerodynamic method to
determine the scaling evaporation, Ls takes the same
form as Eq. (2). Hence, Eq. (1) can be written as

L 5 bg 3 lrUCE(q*(Ts) 2 qa). (6)

Equation (6) is usually employed for evaporation over
bare soil. However, it can also be used in a broad sense
for total evapotranspiration over a ground surface that
is partially or completely covered by vegetation. Con-
sidering that latent heat flux is contributed by bare soil
evaporation (Lsoil) and plant transpiration (Lplant), that is,

L 5 (1 2 sf )Lsoil 1 sf Lplant, (7)

where sf is the fractional area covered by vegetation.
Here Lsoil , Lplant are often parameterized as

Lsoil 5 b 3 lr(q*(Ts) 2 qa)/ra (8)

or

Lsoil 5 lrUCE(a 3 q*(Ts) 2 qa) (9)

and

Lplant 5 lr(q*(Ts) 2 qa)/(ra 1 rs), (10)

where ra 5 1/UCE is aerodynamic resistance, rs is bulk
stomatal resistance [note that although Ts and ra in Eqs.
(8), (9), and (10) are different, we simplify and use the
same notation here], and b and a are the scaling pa-
rameters that are often used for calculating bare soil
moisture (Mahfouf and Noilhan 1991; Kondo et al.
1990). Most PILPS schemes use b method, while a few
schemes (e.g., ISBA, SSIB) use a method for estimating
bare soil evaporation.

After Beljaars and Bosveld (1997), the vegetation
cover at Cabauw is close to 100% all year round. Even
in winter, after mowing or after a dry spell, it is unusual
to see any bare soil. Based on these observations, s f .
0.92 throughout the year was used in the Cabauw ex-
periment (appendix of Chen et al. 1997). Therefore, (1
2 sf )Lsoil in Eq. (7) can be ignored. Hence,

L 5 s Lf plant

s rf a
5 3 lr(q (T ) 2 q )/rs a a1 2 *r 1 ra s

5 b 3 lr(T ) 2 q )/r , (11)g s a a

and

s rf a
b 5 . (12)g r 1 ra s

In this case, we can see that the original scaling param-
eters in bare soil moisture parameterization, a and b,
are not present in bg formulation [Eq. (12)], and because
of the consideration of the bulk stomatal resistance for
transpiration, bg is not only a function of soil moisture
stress as is the case for estimation of bare soil evapo-
ration, but it is also a function of aerodynamic resistance
(drag coefficient) and other stresses, including the pho-
tosynthetically active radiation stress, vapor pressuredef-
icit stress, and air temperature stress, which affect rs.
Therefore, we use bg in Eq. (6) to distinguish between
the generalized bg and b or a used for parameterization
of bare soil evaporation, which is often simply a func-
tion of soil moisture.

Here we demonstrate that the involvement of bg for-
mulation in the parameterization of latent heat flux and
the change of bg induced by the increase and decrease
of air temperature in the sensitivity experiments is the
reason that causes rL , 1 for the schemes using the
aerodynamic method. For simplicity, we assume that bg

is only a function of soil moisture and assess its effects
on the latent heat flux in the sensitivity experiments.

Soil moisture for Plus2 is lower than that for the
control experiment and that for Minus2, due to the in-
crease of evaporation in Plus2 [see section 3b(3)]. This,
therefore, leads to differences in bg for Plus2 and
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TABLE 2. |L11 2 LC| and |L11 2 LC| in the case with and without
bg adjustment.

11 K 21 K
Con-
trol |L11 2 LC| |L21 2 LC|

Ls (W m22)
bg

Ls 3 bg

317.5
0.52

165.1

217.1
0.75

162.8

265.8
0.65

172.8

51.7

7.7

.

,

48.7

10.0

FIG. 6. |L11 2 LC| and |L21 2 LC| (W m22) at different base surface
temperature. The meaning of L11, L21, and LC is same as those in
Eq. (14). Different values of bg are used and in (a): bg set from Table
2 (i.e., 5 0.52, 5 0.75, 5 0.65); in (b): artificially tuned12 22 Cb b bg g g

bg set ( 5 0.46, 5 0.70, 5 0.54).12 22 Cb b bg g g

Minus2. We include this adjustment in bg in the nu-
merical test discussed in section 2b by using values from
the Cabauw sensitivity experiments. The goal is to see
if the inconsistency mentioned above disappears. We
assume

W 2 Wg wilt
b 5 min , 1 (13)g 1 2W 2 Wcr wilt

(cf. Liang et al. 1994; Pan and Mahrt 1987; Robock et
al. 1995), where Wg is soil water content, Wwilt is wilting
point soil water content, and Wcr is the critical soil mois-
ture above which evaporation is not affected by the
moisture stress in the soil. Since for most schemes Wg

is the root zone soil moisture and the depth of the root
zone was prescribed as 1 m in Cabauw experiments, we
consider Wg as the soil moisture for the top 1 m in the
analysis. For the top 1-m soil layer, we assume here that
Wcr is 75% of Manabe’s (1969) effective water capacity
(150 mm) plus the unavailable water content at wilting,
Wwilt (214 mm) (appendix of Chen et al. 1997). Using
monthly values of Wg from BASE output, annual mean
values of bg are calculated. These are 0.52, 0.75, and
0.65 for Plus2 ( ), Minus2 ( ), and the control ex-12 22b bg g

periment ( ), respectively. These values are used toCbg

adjust the Ls from the numerical test discussed in section
2b [Eq. (2)], that is, to calculate Ls 3 bg:

11 11 12L 5 L 3 b ,s g

21 21 22L 5 L 3 b ,s g

C C CL 5 L 3 b . (14)s g

Table 2 gives L11, L21, and LC for an arbitrary base
temperature, Ts 5 283 K. It can be seen that, after ad-
justing L with bg, the relation is shifted, that is, |L11 2
LC| is smaller than |L21 2 LC|. This is then consistent
with the situation in Cabauw sensitivity experiments. It
is clearly shown that bg has a profound effect on the
performance of L. This becomes still clearer if we replot
Fig. 5 with L adjusted by bg.

Figure 6 shows |L11 2 LC| and |L21 2 LC| at different
base surface temperatures and for two different sets of
bg value. In Fig. 6a, the bg values in Table 2 are used,
that is, 5 0.52, 5 0.75, 5 0.65. It can be12 22 Cb b bg g g

seen that |L11 2 LC| , |L21 2 LC| when the surface
temperature is between about 238 and 108C. If we ar-
tificially tune bg (i.e., assume 5 0.46, 5 0.70,12 22b bg g

5 0.54), but still keep , , , that is,C 12 C 22b b b bg g g g

accepting that modeled soil moisture for Plus2 is lower

than that for the control experiment and that for Minus2
is higher than the control experiment, it can be seen that
|L11 2 LC| is generally less than |L21 2 LC|, except for
a small range around a surface temperature of about 78C
but which itself depends on the value of bg (Fig. 6b).
The location of this temperature range, here 78C, is ar-
bitrary, depending on qa chosen for the test. It happens
here that q* at the points around 78C is nearly equal to
qa.

The analysis above shows that the involvement of the
bg formulation in the parameterization of latent heat flux
causes the nonlinearity of L with regard to the linear
change of air temperature in the form that the increase
of latent heat flux in Plus2 is much smaller than its
decrease in Minus2, that is, rL K 1. Without the in-
volvement of the bg formulation, the nonlinearity is dif-
ferent, namely, the increase of latent heat flux in Plus2
is larger than its decrease in Minus2, as discussed in
section 2b.

For the schemes using the Penman–Monteith for-
mulation to determine the scaling evaporation, the sit-
uation is more complicated. The following analysis will
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show, however, that rL , 1 is still attributable to the
involvement of a bg formulation even for those schemes
using a Penman–Monteith formulation.

The Penman–Monteith equation for the evaporation
from wet surfaces can be written as

]e ]e* *
]T ]T

L 5 3 (R 2 G) 1s n]e ]e* *g 1 g 1
]T ]T

rc (e (T ) 2 e )p a a*3 (15)
ra

(cf. Mahrt and Ek 1984), where ra is the aerodynamic
resistance between the surface and the reference height;
Rn is net radiation, G is ground heat flux that can be
assumed proportional to Rn, that is, G 5 aRn [for the
ground with vegetation cover, a ranges between 2 to 20
or so percent (Thom 1975)]; and ]e*/]T is the change
of saturation vapor pressure with temperature. Assum-
ing G 5 aRn, we have

]e*(1 2 a)
]T

12 C 12 CL 2 L 5 3 (R 2 R )s s n n]e*g 1
]T

]e*
rc]T p 12 C1 3 [e 2 e ] (16)* *]e ra*g 1

]T

and

]e*(1 2 a)
]T

22 C 22 CL 2 L 5 3 (R 2 R )s s n n]e*g 1
]T

]e*
rc]T p 22 C1 3 [e 2 e ], (17)* *]e ra*g 1

]T

where 5 e*(Ta 1 2), 5 e*(Ta 2 2) and 512 22 Ce e e* * *
e*(Ta). Since the net radiation is given by

Rn 5 (1 2 as)Rs 1 RL↓ 2 RL↑, (18)

where Rs is shortwave solar radiation, as is surface al-
bedo, RL↓ is downward longwave radiation, and RL↑ is
upward longwave radiation. In the sensitivity experi-
ments, Rs and RL↓ are the same as those in the control
experiment. In Plus2 and Minus2, as changes in the
winter months due to the change in snow cover induced
by 2 K increase or decrease of air temperature. However,
this change is quite small (Qu et al. 1996), and on the
annual average it can be neglected; that is, we assume

that (1 2 as)Rs in Plus2 and Minus2 is also same as
that in the control experiment. Hence, we have

2 5 ↑ 2 ↑.12 C C 12R R R Rn n L L (19)

Since the emissivity of the surface was set to unity, we
have

↑ 5 s( )412 12R TL s (20)

and

↑ 5 s( )4,C CR TL s (21)

where s is the Stefan–Boltzmann constant, and andCT s

are the surface temperatures in the control and sen-12T s

sitivity experiments, respectively. If we write ( 212T s

) 5 , Eq. (19) can be expressed asC 1T DTs s

12 C 4 1 4R 2 R 5 s[T 2 (T 1 DT ) ]n n s s s

3 1 2 1 25 2s[4T DT 1 6T (DT ) 1 · · ·]s s s s

3 1 1ø 24sT DT (1 1 6DT /4T ), (22)s s s s

where negligible terms in ( )3 and ( )4 are omit-1 1DT DTs s

ted. The value DRn can therefore be expressed as

2 5 ,12 C 3 1R R 24sT DTn n s s (23)

with an error given by /Ts. For Ts 5 298 K, the11.5DT s

error is only 0.5% per degree temperature difference.
Using Eq. (23), Eqs. (16) and (17) can be rewritten as

]e*(1 2 a)
]T

12 C 3 1L 2 L 5 3 (24sT DT )s s s s]e*g 1
]T

]e*
rc]T p 12 C1 3 [e 2 e ] (24)* *]e ra*g 1

]T

and

]e*(1 2 a)
]T

22 C 3 2L 2 L 5 3 (24sT DT )s s s s]e*g 1
]T

]e*
rc]T p 22 C1 3 [e 2 e ], (25)* *]e ra*g 1

]T

where 5 2 and 5 2 . In Eqs.1 12 C 2 22 CDT T T DT T Ts s s s s s

(24) and (25), small changes of g, r, cp, and ]e*/]T are
neglected. Therefore, without the bg adjustment, the ra-
tio rL,s 5 |( 2 )/( 2 )| is dependent on12 C 22 CL L L Ls s s s

, , 2 , and 2 . As the signs of the1 2 12 C 22 CDT DT e e e es s * * * *
first and second term of the right-hand side in Eqs. (24)
and (25) are opposite, rL,s could be smaller than 1. How-
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ever, since | | ø | | (Fig. 1) and | 2 | is1 2 12 CDT DT e es s * *
always larger than | 2 | because the function e*(T)22 Ce e* *
is convex, rL,s is in fact larger than 1. Therefore, for the
schemes using the Penman–Monteith formulation, rL ,
1 in the sensitivity experiments can still be also ex-
plained by the bg adjustment as discussed above.

b. Influence of the stress factors on the change of bg

in the sensitivity experiments

From the discussions in section 3a, it can be seen that
(i) the involvement of the bg formulation in the param-
eterization of latent heat flux and (ii) the change of bg

induced by the change of air temperature is responsible
for rL , 1 both for the schemes using the aerodynamic
method to determine the scaling evaporation, and for
the schemes using Penman–Monteith. As bg is a func-
tion of ra and a series of stress factors, we will discuss
in the following section which factors most strongly
influence the change of bg and therefore the change of
latent heat flux in the sensitivity experiments.

1) THE INFLUENCE OF AIR TEMPERATURE ON DRAG

COEFFICIENT

As drag coefficient CE (some models use alternatively
aerodynamic resistance) for water vapor transfer, which
is involved in bg [Eq. (11)], depends on thermal sta-
bility, increasing or decreasing forcing air temperature
also influences CE. The following analysis shows that
the changes in CE induced by air temperature changes
of 62 K have a significant influence on monthly or
annual latent heat flux for most of the schemes.

Figure 7a shows the diurnal variation of the bulk
Richardson number [Ri 5 gz /T 3 (Ta 2 Ts)/U 2, T 5
(Ta 1 Ts)/2], calculated by using Ts from BATS for
Plus2, Minus2, and the control experiment for the time
from 10 to 13 September (see Chen et al. 1997 for
details). It can be seen that the differences of the cal-
culated Richardson number between Plus2 and control
and also between Minus2 and control are quite small
during the day but larger at night. This is due to the
smaller difference between air temperature and surface
temperature induced by strong dependence of surface
temperature on absorbed solar radiation during the day.
Using the calculated bulk Richardson number, the drag
coefficient CE can be estimated after Mahrt and Ek
(1984) (Fig. 7b). From this estimation, / andC 12C CE E

/ can be calculated, where , , and are22 C C 12 22C C C C CE E E E E

CE for control, Plus2, and Minus2, respectively. The
values of / and / have a quite large diurnalC 12 22 CC C C CE E E E

variation, but for most of the daytime both / andC 12C CE E

/ are around 1.5. We therefore assume that /22 C CC C CE E E

ø 1.5, that is, / ø 1.5, and / ø 1.5, that12 12 C 22 CC r r C CE a a E E

is, / ø 1.5 where , , and are ra for control,C 22 C 12 22r r r r ra a a a a

Plus2, and Minus2, respectively. The relative change of
latent heat flux for Plus2 can then be estimated by using
Eq. (11) and the relation / ø 1.5,12 Cr ra a

12 C 12DL L 2 L
5

C) )L L

C12 s /(1.5r 1 r )q 2 q f a sa*5 1 2 3 , (26)
C C) )q 2 q s /(r 1 r )a f a s*

where DL12/L is the relative change of latent heat flux
induced by the change of drag coefficient due to the
change of stratification when air temperature is in-
creased by 2 K in Plus2. Here and are q* at12 Cq q* *

and , respectively. Note that sf in Eq. (26) does12 CT Ts s

not change between Plus2, Minus2, and control. Using
a typical value of ( 2 qa)/( 2 qa) 5 1.3 for Cabauw12 Cq q* *
in Eq. (26), we have

12 C 12 CDL L 2 L r 1 ra s5 5 1 2 1.3 3 . (27)
C C) ) ) )L L 1.5r 1 ra s

Similarly, we have the relative change of latent heat flux
for Minus2:

22 C 22DL L 2 L
5

C) )L L

C22 s /(0.67r 1 r )q 2 q f a sa*5 1 2 3 . (28)
C C) )q 2 q s /(r 1 r )a f a s*

Using a typical value of ( 2 qa)/( 2 qa) 5 0.8,22 Cq q* *
we have

22 C 22 CDL L 2 L r 1 ra s5 5 1 2 0.8 3 . (29)
C C) ) ) )L L 0.67r 1 ra s

We examine how the relative change of L in Plus2 dif-
fers from that in Minus2. In fact, rL 5 (DL12/L)/(DL22/
L), that is,

C 12 CL 2 L r 1 ra s1 2 1.3 3
C C) ) ) )L 1.5r 1 ra s

r 5 5 . (30)L
C 22 CL 2 L r 1 ra s1 2 0.8 3

C C) ) ) )L 0.67r 1 ra s

Figure 8 shows rL as a function of ra and rs after Eq.
(30). It can be seen from Fig. 8 that rL decreases with
the increase of ra and the decrease of rs. This implies
that for the schemes with explicit stomatal control, the
involvement of bulk stomatal resistance rs reduces the
influence of the change of ra on L. However, it can be
seen from Eq. (30) that accounting only for the effects
of temperature on q*,

|1 2 1.3|
r 5 5 1.5. (31)L |1 2 0.8|

Since the daily mean ra in Cabauw is lower than 40 s
m21 for most of the year, we assume ra 5 30 s m21.
Because the observed midday average of rs for Cabauw
ranges from about 0–120 s m21 through the entire year
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FIG. 7. Diurnal variation of (a) bulk Richardson number and (b) drag coefficient CE, calculated
after Mahrt and Ek (1984) for BATS (10–13 September 1987).

FIG. 8. rL as a function of ra (s m21) and rs (s m21) after Eq. (30).

(Beljaars and Bosveld 1997) and the mean value is about
60 s m21, we assume rs 5 60 s m21 here. Using these
values in Eq. (30), we then have rL 5 1.1. This accounts
for the change in q* and the change in ra. The model
average of rL 5 0.57, which can be considered as rL

accounting for change in q*, ra, and rs. We can see from
simple estimations above that the changes due to rs ap-
pear to be only slightly larger than those due to ra. This
implies that drag coefficient effects in these sensitivity
experiments have the same order of importance as the
rs effects, which will be discussed in the following sec-
tions.

It should be noted that for a cloudy day with lower
net radiation, the differences of the calculated Richard-
son number between Plus2 and control and also between
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FIG. 9. The variation of the temperature stress factor with the temperature for21S f

control, Plus2, and Minus2.

Minus2 and control could be quite large during the day,
such as on 13 September. For Plus2, for example, /CC E

could be as large as 3. This may result in a higher12C E

relative change of latent heat flux being up to 50%. In
this case, however, latent heat flux is also small (the
daily mean L on 13 September is about 26 W m22, which
is only about 60% of annual mean L) due to the smaller
energy available for evaporation (for 13 September, dai-
ly mean Rn , 18 W m22) and therefore makes only a
small contribution to the monthly or annual latent heat
flux.

It should be pointed out that for the models without
explicit stomatal control of transpiration and with no or
small changes in predicted soil moisture for Plus2 and
Minus2, the change in CE may play a dominant role in
resulting rL , 1. Models SPONSOR and SWAP are
examples of this situation. The transpiration in these
two models is estimated by modifying potential evap-
oration through a bT formulation that is a function of
soil moisture only. Since the predicted soil moisture for
Plus2, Minus2, and control is nearly the same and larger
than Wcr [see section 3b(3)], bT is nearly the same for
Plus2, Minus2, and control. Therefore, rL , 1 is mainly
caused by decreases in CE induced by the more unstable
stratification in Plus2 in the calculation of the potential
evaporation.

2) INFLUENCE OF AIR TEMPERATURE ON BULK

STOMATAL RESISTANCE

The surface resistance (bulk stomatal resistance) in-
volved in bg is usually represented in land-surface
schemes as

rs,min 21 21 21r 5 R S V M (32)s f f f fLAI

(e.g., Noilhan and Planton 1989), where Rf , Sf , Vf , and
Mf represent the dependence of rs on solar radiation, air
temperature, vapor pressure, and soil moisture, respec-
tively; LAI is canopy leaf area index. The factor Rf

measures the influence of the photosynthetically active
radiation. As this does not change in Plus2 and Minus2,
Rf also should not change.

The factor Sf introduces an air temperature depen-
dence in the surface resistance. The parameterization of
Sf is based on the fact that there is an optimal temper-
ature for plant physiological processes that ranges from
about 108 to 408C. If the temperature is in this range,
there is no (or small) temperature stress and is equal,21S f

or close, to 1. If the temperature is outside this range,
it is likely to be a stress factor for the physiological
processes of vegetation (here transpiration); hence 21S f

will be larger than 1, that is, rs will increase [Eq. (32)].
An example of Sf parameterization following Dickinson
(1984) is given as follows:

1
21S 5 . (33)f 2[1.0 2 0.016(298.0 2 T ) ]a

Figure 9 gives the variation of as a function of air21S f

temperature for control (Ta 5 Ta), Plus2 (Ta 5 Ta 1
2), and Minus2 (Ta 5 Ta 2 2) after Eq. (33). For Ta 5
285 K, for example, Sf for Plus2 decreases only about
10% compared to control, that is, rs may decrease about
10%. In this case, the change of latent heat flux is less
than 10% [cf. Eq. (11)]. It can be seen that the increase
or decrease of air temperature by only 2 K has virtually
no, or only a very small, effect on and therefore a21S f
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FIG. 10. Calculated daily mean values of the difference of the stress
factor between Plus2 and control and that between Minus2 and21V f

control.

small effect on rs for most of the year in Cabauw, so
that it can be ignored. Indeed, some PILPS land-surface
schemes (e.g., SECHIBA, Ducoudre et al. 1993) neglect
the influence of air temperature on rs.

The factor Vf represents the effects of vapor pressure
deficit of the atmosphere. Following Jarvis (1976), Vf

can be expressed as

Vf 5 1 2 g(e*(Ta) 2 ea), (34)

where g is a species-dependent constant. We take g 5
0.025 (Noilhan and Planton 1989). It can be seen from
Eq. (34) that if air temperature increases vapor pressure
deficit will also increase. Hence will increase. How-21V f

ever, the increase of is quite small. Figure 10 shows21V f

the calculated daily mean values of the difference of the
stress factor [Eq. (34)] between Plus2 and control21V f

and that between Minus2 and control. It can be seen
that the differences of between Plus2 and control21V f

are within 0.1 for most of the year; that is, rs may
increase by 10% in Plus2 compared to control. In this
case, the decrease of latent heat flux is less than 10%.
On the other hand, the increase of air temperature will
also make e*(Ts) 2 ea increase and this will counteract
the stress effect of the increase of vapor pressure deficit.
Therefore, the influence of increasing or decreasing air
temperature on stress factor Vf can also be neglected
for most situations.

Of particular importance is the factor Mf , which ac-
counts for the effects of soil moisture stress on latent
heat flux. Usually, Mf varies between 0 and 1 when soil
moisture Wg varies between Wwilt and Wcr. In many
schemes, Mf is a simple and explicit function of soil
moisture. In some schemes (e.g., ISBA, CSIRO9, and
VIC-3L), Mf takes the same form as Eq. (13). The
change of predicted soil moisture in Plus2 and Minus2
leads to quite large change in Mf . For example, from
the estimation given in section 3a, it can be seen that
if Mf takes the form given in Eq. (13), the annual mean
of Mf decreases from 0.65 for the control experiment
to 0.52 for Plus2. That means an increase of rs of about
25% for Plus2 compared to control, which will have a

significant influence on latent heat flux. Thus, it can be
seen that changes in the soil moisture in these sensitivity
experiment induced (indirectly) by the increase or de-
crease of forcing air temperature plays an important role
on the change of the scaling parameter bg and therefore
is one of the major factors affecting the behavior of the
changes in latent heat flux.

3) BEHAVIOR OF SOIL MOISTURE AND ITS EFFECT

ON LATENT HEAT FLUX IN THE SENSITIVITY

EXPERIMENTS

Figure 11a gives the difference of the annual mean
soil moisture of the top 1-m soil layer W between Plus2
(Minus2) and control for all schemes. It can be seen
that soil moisture decreases in Plus2 and increases in
Minus2 for most of the schemes; the exception being
SEWAB, which shows no change. This response is at-
tributable to the behavior of latent heat flux, which in-
creases in Plus2 and decreases in Minus2. However, the
extent of the decrease (increase) of soil moisture in
Plus2 (Minus2) is very different among the PILPS
schemes. This can be also seen in Fig. 11b, which gives
the absolute value of the difference of soil moisture
between Plus2 and Minus2, that is, |W12 2 W22|. Some
schemes (BASE, BUCKET, CAPS, GISS, ECHAM,
PLACE, MOSAIC, CSIRO9, CAPSNMC, VIC-3L)
show large |W12 2 W22| over 20 kg m22, with VIC-3L
showing the highest value (85.8 kg m22). This implies
that the soil moisture in these schemes is quite sensitive
to the prescribed changes of air temperature. Other
schemes (BATS, SSIB, SWAP, SEWAB, SPONSOR)
show very small |W12 2 W22|, while GISS and MO-
SAIC show a large increase of soil moisture in Minus2
(37.9 and 29.3 kg m22, respectively) but only a small
decrease in Plus2 (9.6 and 8.9 kg m22, respectively).
Another ‘‘outlier’’ is PLACE, which produces a small
increase of soil moisture in Minus2 (9.0 kg m22) but a
large decrease in Plus2 (19.7 kg m22).

The very small |W12 2 W22| values for BATS, SSIB,
SWAP, SEWAB, and SPONSOR are due to the fact that
the soil moisture below 1-m depth was prescribed as
saturated in these schemes. Since the schemes allow
water movement crossing the 1-m interface, the decrease
of root zone soil moisture in Plus2 induced by high
evaporation under imposed higher air temperature can
be compensated by the water supply from the soil below
1 m (water table). For SWAP and SPONSOR, the pre-
dicted soil moisture for Plus2, Minus2, and control is
in fact nearly the same and near or larger than Wcr. There
is no straightforward correlation between soil moisture
and latent heat flux in terms of their sensitivity to the
prescribed changes in air temperature (Figs. 11b,c). For
example, both BATS and SSIB show large |L12 2 L22|,
but very small |W12 2 W22|.

As discussed in section 3b(2), for most schemes soil
moisture stress factors most strongly influence the
change of bg and therefore the change of latent heat
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FIG. 11. (a) Difference of soil moisture (kg m22, top 1 m) between Plus2 and control and that between
Minus2 and control, and difference of (b) soil moisture (topmost 1-m soil layer, kg m22) and (c) latent heat
flux (W m22) between Plus2 and Minus2 for 23 land-surface schemes.

flux in the sensitivity experiments. In Plus2, the decrease
of soil moisture under higher temperature (12 K) leads
to the decrease of bg through the decrease of Mf , which
is an indication of soil moisture stress, and hence the
increase of rs, which, in turn, leads to lower evaporation.

The effect of the soil moisture stress in Plus2 is quite
strong for some schemes, for which monthly latent heat
flux for Plus2 is smaller than that for control in summer
months. Figure 12 shows the monthly variation of latent

heat flux for BUCKET, CAPS, CAPSNMC, ISBA,
CLASS, CSIRO9, and ECHAM. It can be seen in Fig.
12 that monthly mean L of these schemes in Plus2 is
lower than or nearly the same as that in the control
experiment in summer months, mostly in July. The sit-
uation L12 , LC can only happen when a bg formulation
is involved and L12 is reduced by a small bg, in which
Mf reflects strong soil moisture stress in Plus2 so that
L12 is even smaller than or equal to LC. This argument
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FIG. 12. Monthly variation of latent heat flux of BUCKET, ISBA, CSIRO9, CAPS, CAPSNMC, CLASS, and ECHAM.

seems to be supported by reviewing the variation of
daily latent heat flux and root zone soil moisture in July
for some schemes.

Figures 13a,b show the daily latent heat flux and root
zone soil moisture in July (day 182–day 212) for
CLASS. It can be seen that L12 , LC from day 192 to
day 197 (Fig. 13a), during which the predicted root zone
soil moisture for Plus2, W12, goes down to the lowest
level of the year (Fig. 13b). Figures 13c,d show the case
for ISBA. It can be seen that L12 , LC from day 186
to day 197, which also corresponds to the time when
the predicted root zone soil moisture for Plus2 shows
its lowest values of the year. For some schemes (BASE,
PLACE, SWB, VIC-3L), although the monthly mean L
for July in Plus2 is larger than that in control, the daily
latent heat flux for Plus2 is smaller than that for control
for some periods in July. Figures 13e,f show the case
for VIC-3L as an example. It can be seen that VIC-3L
shows L12 , LC from day 190 to day 197, during which
the predicted root zone soil moisture shows its lowest
values of the year.

It should be noted that most schemes use different
formulations for Mf to describe the limitation of soil
moisture to latent heat flux. This implies that different
schemes may have different criteria on soil moisture
stress, which is caused by (i) differences in Mf for-

mulation involved in individual schemes, (ii) differences
in the definition of critical soil moisture, and (iii) by
using different soil moisture in Mf ; for example, some
models use soil moisture for the root zone in Mf , while
some other models may consider the root distribution
and use soil moisture for the surface layer. We can see
from Fig. 13 that different schemes suffer soil moisture
stress at totally different soil moisture levels. For Plus2,
CLASS shows soil moisture stress (L12 , LC) at root
zone soil moisture, W12, being around 390 mm (Fig.
13b), ISBA at W12 around 310 mm (Fig. 13d), and VIC-
3L at W12 around 260 mm (Fig. 13f). From these results
we may derive that the difference in the parameteriza-
tion of the latent heat flux versus soil moisture rela-
tionship (both Mf and b for bare soil) across the models
might be one of the important reasons for discrepancies
among the models. More studies are needed on this
issue.

Furthermore, we can also see that the use of the Mf

formulation makes it difficult to identify the effect of
soil moisture on latent heat flux, because soil moisture
has only an indirect relation to latent heat flux through
its presence in bg. In this case, latent heat flux is directly
modified by bg every model time step and is thus sen-
sitive to changes in bg. Therefore, the formulation of
Mf and b (for soil evaporation) parameterizations in bg
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FIG. 13. Daily vacation of latent heat flux for (a) CLASS, (c) ISBA, and (e) VIC-3L for July and daily variation of root zone soil
moisture for (b) CLASS, (d) ISBA, and (f ) VIC-3L for July.

would have significant influences on predicted latent
heat, even if the soil moisture is accurately estimated.
This relationship will also become further complicated
when the feedbacks between soil moisture and evapo-
ration are considered.

4. Summary and conclusions

Using 23 land-surface schemes, driven off-line by
observations from Cabauw, the Netherlands, two sen-
sitivity experiments have been undertaken in which the
forcing air temperature was increased or decreased by
2 K and all other parameters remained as in the control
experiment. The results show the following.

1) On an annual timescale, all schemes exhibit quali-
tatively similar and plausible responses to the pre-
scribed 2-K increase or decrease in air temperature,
although there are quantitatively significant differ-
ences among the schemes. In Plus2 (Minus2), all
schemes show that (i) Ts increases (decreases), (ii)
latent heat flux increases (decreases), (iii) sensible
heat flux decreases (increases), and (iv) soil moisture
decreases (increases).

2) The change of latent heat and sensible heat flux is

not linear with respect to the change of air temper-
ature. Specifically, the increase of latent heat flux in
the Plus2 experiment is smaller than the decrease of
latent heat flux in the Minus2 experiment. This is
partly due to the bg formulation involved in the pa-
rameterization of latent heat flux, which is a function
of a series of stress factors that limit the scaling
evaporation, and partly due to the changes in drag
coefficient induced by the change in stratification as
a consequence of the imposed change in air tem-
perature (62 K).

3) Changes of soil moisture play an important role in
the changes of bg in these sensitivity experiments.
For most schemes, one of the reasons for the fact
that |L12 2 LC| is much smaller than |L22 2 LC| in
the sensitivity experiments is the decrease of soil
moisture in Plus2, which leads to a smaller bg, in-
dicating soil moisture stress. Except for the schemes
that specify their soil moisture below 1-m depth as
saturated, the effect of soil moisture stress is es-
pecially strong for some schemes (BUCKET, CAPS,
CAPSNMC, ISBA, CLASS, CSIRO9, ECHAM,
BASE, PLACE, SWB, VIC-3L) for which the latent
heat flux in Plus2 is even smaller than that in the
control experiment in summer months.
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